Ultrafast dynamics of carriers and phonons in topological insulators Cu x Bi 2 Se 3-y (x=0, 0.1, 0.125, y=0, 1) was studied using femtosecond optical pump-probe spectroscopy. One damped oscillation was clearly observed in the transient reflectivity changes (ΔR/R), which is assigned to the coherent optical phonon (A 1g 1 ). According to the red shift of A 1g 1 phonon frequency, the Cu atoms in Cu x Bi 2 Se 3 crystals may predominantly intercalated between pair of the quintuple layers. Moreover, the carrier dynamics in the Dirac-cone surface state is significantly different from that in bulk state, which was investigated using optical pump mid-infrared (mid-IR) probe spectroscopy. The rising time and decay time of the negative component in ΔR/R, which is assigned to carrier relaxation in Dirac cone, is 1.62 ps and 20.5 ps, respectively.
INTRODUCTION
The discovery of 3D topological insulators (TIs) initiated a new era of condensed matter physics [1] [2] [3] . The gapless surface electronic states (Dirac fermions), caused by strong spin-orbit interactions, and the characterizations of their fundamental properties have been studied by various means, e.g. angle-resolved photoemission spectroscopy (ARPES) [4] [5] [6] and scanning tunneling microscopy (STM) [7] [8] [9] [10] , and the transport measurements [11] [12] [13] [14] . The special properties provide innovative opportunities for potentially revolutionary applications such as THz optoelectronics, spintronics, and quantum computation. Recently, the elements of Cu, Mn, Co, Fe, and Cr were doped into TIs to induce superconductivity 15 , ferromagnetism 16, 17 , and anomalous quantized Hall effect 18 . Thus, this kind of doping provides an important means to modify the surface electronic states of TIs, such as opening up a gap at the Dirac point 19 and shifting the Fermi level 5 . However, the locations and role of these doped atoms in TIs remain elusive and are yet to be studied. For instance, a Bi 2 Se 3 crystal is constructed by the repeated quintuple layers (QLs, including a sequence of Se(1)-Bi-Se(2)-Bi-Se(1) atoms) along c-axis and bonded to each other through van der Waals force. This specific property makes the layered compound Bi 2 Se 3 crystals can be substituted and intercalated by a small percentage of doping atoms. For the similar case of Bi-rich Bi-Se compound, Bi 2 Se 2 , a Bi-Bi slab is inserted between two QLs 20 . That is, the additional Bi atoms are intercalated into the Bi 2 Se 3 matrix to form the Bi 2 layers and simultaneously change the bond length and bond angle of QL through the extra Coulomb force from the doped atoms. Consequently, the characteristics of QL vibrations, corresponding to some specific phonon mode, in Bi-Se compound will be changed due to the doping. Ultrafast timeresolved pump-probe spectroscopy has been established as a protocol to study the phonon dynamics 21, 22 and is therefore employed in this work to gain insight into such critical changes of crystal structure with substitution or intercalation. In the present study, we use femtosecond optical pump-probe spectroscopy to investigate the dynamics of coherent optical phonons (COPs) in Cu x Bi 2 Se 3-y (x = 0, 0.1, 0.125, y=0, 1) single crystals. From the frequency shifts and lifetime of the COPs, the locations of the Cu atoms in Cu x Bi 2 Se 3 can be determined, and the influence of the Cu atoms in QL is subsequently discussed.
Moreover, a wide range of photonic applications based on TIs, including thermal detection, high-speed optical communications, terahertz detection, image, and spectroscopy, are proposed recently. As the Dirac-cone surface state will play a crucial role in determining performances of any real TI devices, their better understanding in the individual *cwluo@g2.nctu.edu.tw; phone +886-3-5712121ext.56196; fax +886- properties of bulk state and surface state, and their coupling mechanisms is imperative. Owing to the fact that the surface signatures are easily overwhelmed by bulk contributions, however, the most present experiments cannot directly separate the bulk and surface signals, which intimately couple together, in TIs. The recent time-and angle-resolved photoemission spectroscopy (TrARPES) studies have shown that the surface carrier population in TIs can be induced by photoexcitation 23 , and separately obtained the temperature and chemical potential relaxation of surface and bulk 24 . As well known, the ARPES is baffled by the surface issue. Therefore, we need a novel solution that is insensitive to the sample surface and can probe the bulk and surface states individually. Here we take the advantage of optical pump midinfrared (mid-IR) probe spectroscopy, which is the bulk sensitive technique, to explore the nonequilibrium dynamics of TIs. The femtosecond-time resolution allows us to probe the fundamental relaxation processes directly within the conduction band and Dirac cone, and thus distinguish the separate dynamics in bulk and surface states.
EXPERIMENTS

Sample preparation
The single crystals of Cu x Bi 2 Se 3 (x=0, 0.1, 0.125) used in this study were grown using the following methods: vertical Bridgman and modified floating zone. Single crystals of Cu x Bi 2 Se 3 (x=0, 0.1, 0.125) and Bi 2 Se 2 have been prepared using stoichiometric mixtures of 5N purity of Bi, Se, and Cu in sealed evacuated quartz tubes. The Cu x Bi 2 Se 3 crystals were grown with slow-cooling method from 850ºC to 650ºC at a rate of 2ºC/h and then quenched in cold water. Single crystal Bi 2 Se 2 has been prepared using vertical Bridgman method. Preliminary homogenization was carried out in a horizontal tube furnace at 350ºC for 75 h. The sealed ampoules were then passed through a vertical Bridgman furnace between 650ºC and 600ºC of thermal gradient ~1ºC/cm near the solidification point. The pulling rate was kept at 0.2 mm/h. The resulting crystals could be cleaved easily, and the freshly cleaved plane showed a silvery shining mirror-like surface. For the sample #2 of Bi 2 Se 3 single crystal in Fig. 3 , it was grown by a modified floating zone method, where the Se-rich Bi 2 Se 3 was used in the melting zone. The Bi 2 Se 3 material, of high-purity (99.9999%) Bi and Se, was pre-melted and loaded into a 10-mm diameter quartz tube. The crystal growth rate was controlled at 0.5 mm per hour. All of the samples were kept in a vacuum tank to avoid surface oxidation. Before each experiment, the sample was cleaved using a scotch tape to ensure that a flat and reflective surface was obtained.
Pump-probe spectroscopy
For the optical pump-probe measurements, the light source was provided by a commercial mode-locked Ti:sapphire laser system with the pulse duration of 100 fs, a repetition rate of 5 MHz, and a center wavelength of 800 nm. The fluences of the pump beam and the probe beam were 1 mJ/cm 2 and 0.067 mJ/cm 2 , respectively. The pump beam was focused on the Cu x Bi 2 Se 3-y single crystals with a diameter of 35 μm while the probe beam was focused on the center of the pump-beam spot with a diameter of 25 μm. The polarizations of pump and probe beams were orthogonal to each other; meanwhile, both were perpendicular to the c-axis of Cu x Bi 2 Se 3-y single crystals. A linear motor stage was used to vary the delay time between the pump and probe pulses. The small transient reflectivity changes (ΔR/R) of probe beam were detected by using a photodiode and a lock-in amplifier.
For the optical pump mid-infrared probe (OPMP) spectroscopy, a partial laser beam of the 800-nm Ti:sapphire regenerative amplifier with a repetition rate of 5 KHz and pulse duration of 30 fs was focused on the surface of the samples with a diameter of 500 μm. The pumping fluence was tuned by varying the laser output power. The remainder laser beam was used to generate mid-infrared pulses via the differential frequency generation (DFG) in a 0.7-mm-thick GaSe crystal. The ultrafast dynamics of TIs was studied by measuring the photoinduced transient reflectivity changes (ΔR/R) of the probe beam with the photon energy of 141 meV. Time delay (ps)
ULTRAFAST PHONON DYNAMICS
electrons and acoustic phonons 25 . In addition, one damped oscillation component is superimposed on the ΔR/R curves as shown in the inset of Fig. 1 18 studied the rhombohedral V 2 -VI 3 compounds by Raman scattering spectroscopy and found a blue shift in the phonon frequency when the lighter Sb atoms exactly substitute Bi atoms in the QL of Bi 2-y Sb y Te 3 . Therefore, it appears that the microstructural deformation in the Bi 2 Se 2 crystals can be unambiguously revealed by measuring the magnitude and sign of the phonon frequency shift of the QL.
As mentioned above, for the substitution case, i.e. a Bi atom is replaced by a doped atom, the phonon frequency of the A 1g 1 mode increases with increasing doping concentrations; while for the intercalation case, i.e. a doped atom is intercalated between two QLs, the phonon frequency of the A 1g 1 mode decreases with increasing doping concentrations. Therefore, the slightly red shift of A 1g 1 photon frequency as increasing Cu concentrations in the inset of Fig. 2 implies that the Cu atoms are intercalated in the Cu x Bi 2 Se 3 crystals, which is consistent with the rise of the lattice constant of caxis and the stretch of the QL chains. The stretch of the QL chains can be interpreted as follows, when the doping Cu atoms are intercalated between QLs, a mediated layer is formed to enhance the interaction between QLs and replaces the weak van der Waals interaction. Consequently, the length of a QL chains would be significantly stretched. Finally, the Cu atoms intercalated between every pair of QLs and cause an effective deformation in the QLs of Cu x Bi 2 Se 3 crystals, which have been clearly revealed by the ultrafast phonon dynamics. Figure 3 is a typical OPMP spectra in Bi 2 Se 3 with carrier concentration (n) of 51.5×10 18 (Bi 2 Se 3 #1) and 0.25×10 18 (Bi 2 Se 3 #2). For the case of Bi 2 Se 3 #1, a positive peak is clearly observed in ΔR/R. This positive peak gradually diminishes as the n decreases. Meanwhile, an additional negative peak appears at low carrier concentration, e.g. n=0.25×10 18 , and its amplitude is inversely proportional to n. For the optical pumping and mid-IR probing processes, the probe photon energy (141 meV) of mid-IR used in this study is much smaller than the band gap of ~300 meV in Bi 2 Se 3 , the interband transition between valence band (VB) and conduction band (CB) of bulk state does not happen. Thus, the interband absorption in CB and Dirac cone surface state will be the dominated processes after pumping, which are assigned to the positive and negative peaks in ΔR/R, respectively. For the positive component in ΔR/R, the excited carriers suffer the so-called intervalley scattering 27 to cause the red-shift of reflectance spectra after pumping. This result, consistent with the observations in n-type GaAs 27 , reveals that the positive (or negative) signal within several ps timescale in ΔR/R is due to the mid-IR probe in bulk state of Bi 2 Se 3 .
ULTRAFAST CARRIER DYNAMICS
For the negative peak in ΔR/R, we can obtain the rising time (τ r ) of 1.62 ps and decay time (τ d ) of 20.5 ps by fitting as shown in the inset of Fig. 3 . Based on above dynamic information, we can further establish the ultrafast relaxation model for carriers in TIs. After pumping by the 1.55 eV photons, the major process is that the carriers in the bulk valence band (BVB) will be excited to band conduction band (BCB). However, owing to no unoccupied final density of states for the 1.55 eV pumping in the Dirac cone within bulk band gap, the carriers in Dirac cone cannot be excited. If the carrier recombination between the BCB and BVB is ignored, thus, the unoccupied states in BVB caused by pumping would refilled through the bottom part of Dirac cone that almost overlaps with the top of BVB at the same momentum space. This implies that the carriers in Dirac cone can easily transfer into the unoccupied states in BVB and open an absorption channel for the mid-IR process in Dirac cone. Then, the reflectivity of mid-IR probing light will decrease within 1.62 ps, i.e. the rising time of negative peak in Fig. 3 . Once the carriers in Dirac cone move out the Dirac cone, the BCB (like a carrier reservoir) subsequently injects the excited carriers into the unoccupied states in Dirac cone to close the absorption channel for the mid-IR process in Dirac cone and induce the increase of mid-IR reflectivity within 20.5 ps, which is consistent with the ARPES results 23 of a nonequilibrium population of the surface state persisting for >10 ps. This several tens of picoseconds in decay time, which is much longer than the rising time of several picoseconds, is due to the carriers in BCB cannot directly transfer into the top of Dirac cone without overlapping between them and other auxiliaries, e.g. phonons. Time delay (ps) 
SUMMARY
We have systematically studied the phonon dynamics in Bi, Bi 2 Se 2 , and Cu x Bi 2 Se 3 (x = 0, 0.1, 0.125) single crystals using femtosecond pump-probe reflectivity spectroscopy. The frequency shifts of the phonon modes in Bi-rich Bi 2 Se 2 crystals indicate that the extra Bi atoms are intercalated into the Bi 2 Se 3 matrix and form a Bi 2 layer between the QLs. From the red shift of the A 1g 1 phonon frequency associated with the doping of Cu atoms, we also conclude that the additional Cu atoms are predominantly intercalated between QLs in Cu x Bi 2 Se 3 crystals. The studies of phonon dynamics in Cu x Bi 2 Se 3 crystals would provide the crucial information for understanding the superconductivity in topological insulators Cu x Bi 2 Se 3 crystals. Moreover, we utilized the ultrafast time-resolved spectroscopy with optical pump midinfrared probe to explore the ultrafast dynamics of carriers in the surface state of TIs. The femtosecond-time resolution allows us to probe the fundamental relaxation processes directly within the conduction band and Dirac cone, and thus distinguish the individual dynamics in bulk and surface states.
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